Extreme Ultra Violet (EUV) interference lithography was employed for fabrication of large-area, sub-100 nm scale Al nanoparticles as well as free-standing aluminum hole arrays. We studied the optical properties of the fabricated Al nanostructures. The marked difference in Al, compared to Au and Ag, is that its plasmon resonances lie in the UV range. Thus, the high-frequency plasmon resonance of Al nanostructures enables the extending of plasmonic research into the UV range and opens up new possible applications of plasmonics.
INTRODUCTION
The emerging research field of plasmonics deals with collective electronic excitations confined to conducting surfaces (surface plasmon polaritons) or nanoparticles and nanostructures (localized surface plasmons). Exploitation of surface plasmons promises many interesting applications in nanophotonics, data storage, non-linear optics, surface-enhanced Raman spectroscopy, fluorescence spectroscopy, and biochemical sensors [1] [2] [3] . Owing to their optical properties, Ag and Au are commonly used in plasmonic devices working in the visible and near-infrared ranges. At short wavelengths these materials absorb strongly due to the interband transitions which set on below the wavelengths of about 590 nm and 350 nm for Au and Ag, respectively 4 . On the other hand, Al exhibits negligible interband transitions down to a wavelength of 200 nm due to its free-electron-like character and has a high bulk-plasmon frequency (ω p,bulk = 15 eV) 5 . For these reasons, plasmon resonances of Al nanostructures generally lie in the UV range. By experimenting with this material, which has a plasmon frequency that is vastly different from the commonly employed Au and Ag systems, one can gain further insight into plasmonic phenomena. Moreover, development of plasmonic devices in the UV range may lead to new applications such as UV bandpass filters. In addition, operating at short wavelengths can increase the efficiency and sensitivity and reduce the size of plasmonic devices.
In this paper we discuss the plasmonic characteristics of Al nanostructures. In Sec. 2, we describe our fabrication method for these structures. In Sec. 3, we discuss plasmon resonances of Al nanoparticles on dielectric substrates. In Sec. transmission through subwavelength Al hole arrays. Finally, in Sec. 5 we present our main conclusions and the possible applications of Al plasmonic devices.
EUV INTERFERENCE LITHOGRAPHY
In plasmonic research, e-beam lithography and focused ion beam (FIB) lithography are the preferred methods for fabricating high-resolution metallic nanostructures of arbitrary shapes. Periodic nanostructures, in general, are fabricated over small areas and characterized with a micro-spectrometer. For Al nanostructures, characterization of the optical response on small-area nanostructures requires UV compatible focusing optics, which is usually not available in standard equipments. Standard spectrometry equipment without any focusing optics can be used for characterization of large area samples but the fabrication process would take very long with serial lithography tools such as e-beam or FIB. In order to overcome these problems faced, we used a new fabrication approach in which we employed extreme-ultraviolet interference lithography (EUV-IL), physical deposition of metal, and lift-off.
The EUV exposures were performed at the XIL beamline of the Swiss Light Source 6 . The interference setup uses transmission gratings and coherent EUV light of 13.4 nm wavelength as shown in Fig. 1(a) . The diffractive metal gratings are patterned on thin silicon nitride membranes using e-beam lithography. This method creates a highresolution and high-contrast aerial image which enables us to print dense lines with resolution down to 12.5 nm halfpitch 7 . Periodic line/space patterns are obtained by two-beam interference, while four-beam interference provides hole array and dot array patterns. Fig. 1(b) shows a scanning electron microscopy (SEM) image of a dot array patterned by EUV-IL. This high resolution potential combined with high throughput of producing nanostructures over large areas with short exposure times makes EUV-IL a powerful tool for the fabrication of plasmonic structures. 
AL NANOPARTICLES
Here we discuss the basic features of the plasmon resonances of Al nanoparticles and highlight their differences from Au and Ag nanoparticles. To start with, we consider spherical nanoparticles in a homogeneous environment using Mie's theory, which provides exact analytical solutions for spherical particles 8, 9 . Fig. 2 (a) shows extinction spectra of Au, Ag and Al nanoparticles with diameters of 40 nm in a silica matrix. The plasmon resonances of Ag and Au are similar to the spectra reported extensively in literature 8, 9 . The sharp extinction peaks in blue and green regions result from the resonant excitation of the dipolar modes of the particle plasmons. The extinction spectrum of the Al nanoshperes shows two distinct resonances in the UV region. The peak at about 250 nm is due to the dipolar plasmon resonance and the peak at about 190 nm originates from the quadrupolar mode. Fig. 2(b) shows extinction spectra of Al nanospheres with different diameters. With increasing particle size, the peaks exhibit a red-shift and broadening due to retardation effects and higher order plasmon modes becoming more pronounced. Although emergence of higher multipole resonances with increasing particle size may be interesting for some applications, this would imply increasingly stringent restrictions on particle size distribution; for large particles, inhomogeneous broadening as a consequence of finite particle size distribution would smear out all the peaks and make it impossible to observe any resonant features. In the small particle size limit (d < 10 nm), only the dipolar plasmon mode remains and inhomogeneous broadening is not important. However, the peak position is at about 180 nm (in a silica matrix) and for explicit observation of the plasmon peak, relatively difficult optical experiments are required in the vacuum ultraviolet region. For these reasons the literature on plasmonic properties of Al is very limited. Calculations are based on Mie's formulae; the optical constants are taken from Ref. [4] and [5] .
To obtain ordered and well-defined Al nanoparticles with low size dispersion, we used EUV interference lithography, physical vapor deposition, and lift-off. Sample preparation started with spin-coating of 80 nm-thick polymethylmethacrylate (PMMA) on quartz (HPFS) wafers and with baking at 180°C for 3 min. Subsequently, hydrogen silsesquioxane (HSQ) of 30 nm thickness was spin-coated on the PMMA film and the samples were baked at 90°C for 3 min. Following the EUV exposure, HSQ photoresist was developed in a tetra-methyl ammonium hydroxide (TMAH) solution with a normality of 2.6, resulting in hole patterns in HSQ. Reactive ion etching (RIE) etching was used to transfer the pattern into the PMMA layer. This step produces bilayer structures with an undercut that facilitates the subsequent lift-off process. Thermal evaporation of aluminum was performed at a base pressure of better than 1×10 -6 mbar with a deposition rate of about 0.5 nm/s. Finally, the lift-off process was carried out in an acetone bath with ultrasonic agitation. Fig. 3(a) shows a SEM image of a typical sample. The nanoparticles reveal some roughness due to the finite grain size of Al crystals that are formed within the nanoparticles. From the SEM image we can conclude that the typical grain size is much smaller than the average particle size. The area of the particle arrays was about 1 mm 2 . Extinction spectra of the nanoparticle arrays were measured using a standard UV/Vis/NIR spectrometer. The measured extinction spectrum of Al nanoparticle array with particle diameter of 40 nm and lattice constants of 90 nm and 100 nm is plotted in Fig. 3(b) . The spectrum exhibits a sharp and narrow peak at about 270 nm. Obviously, this resonant peak is the dipolar mode of the surface plasmon resonance of the Al nanoparticles.
(a) (b) We calculated the extinction spectrum of the structure using a finite-difference time-domain (FDTD) method 10, 11 . Al nanoparticles are modeled as cylinders of 40 nm diameter and 30 nm height on a semi-infinite substrate; the tabulated values of the complex dielectric constants of Al were taken from Ref. [5] . The comparison of the experimental and the theoretical spectra in Fig. 3(b) in general reveals good agreement, but there is a discrepancy of 40 nm in the peak positions. In the FDTD model, the nanoparticles are assumed to be identical and perfect cylinders whereas the real Al nanoparticles have rather arbitrary shapes due to the finite crystallite size of evaporated aluminum. In addition to this shape dispersion, there is about 5% size dispersion over the large area of the particle array. The finite size and shape dispersion leads to inhomogeneous broadening in which the experimental peak width is slightly broader than the theoretical peak width. Moreover, in the FDTD model, the natural oxide layer of Al is not taken into account. From optical measurements on Al surfaces 12 and TEM analysis of Al nanoparticles 13 it is well known that a thin oxide layer of 2-3 nm is formed on the metal surface upon exposure to air. Modeling of a thin oxide layer in FDTD calculations would have required sub-nanometer grid sizes and therefore unreasonably long computing times. On the other hand, calculations based on dipolar approximation of a coated ellipsoidal nanoparticle 8 indicate that the existence of the natural oxide layer causes a red-shift of the plasmon resonance wavelength by 5 to 10 nm 14 . Further detailed analysis 14 demonstrates that the optical constants reported in literature show a significant variation and that the major source of discrepancy between experiment and theory in Fig. 3(b) arises from differences between the optical constants taken from literature and those of the actual material. Bulk oxidation during the deposition and electron scattering by grain 100nm boundaries substantially change the optical properties of physically-deposited Al and are highly sensitive to the deposition rate and the base pressure of the deposition chamber 15 .
AL HOLE ARRAYS
Having seen that Al nanostructures exhibit plasmon resonances in the UV range, we will now present a typical manifestation of plasmon resonances. Since the work of Ebbesen et al. 16 it has been known that an optically-thick metal film perforated with a periodic array of subwavelength holes transmits light remarkably efficiently at certain resonant wavelengths. Although the underlying mechanisms for the extraordinary transmission are still a matter of debate, it is widely accepted that the resonant excitation of surface plasmon polariton (SPP) Bloch waves supported by the periodic surface structure significantly contributes to the extraordinary transmission 1 . Although the SPP model predicts the positions of some of the observed maxima in the transmission spectra fairly well, the measured spectra often include more features and are influenced by many optical processes and structural parameters. For instance, Wood's anomaly and cavity modes related to grating constant and aperture geometry, respectively, can complicate the spectra and generate additional maxima and minima 17, 18 . Localized surface plasmons (LSP) can also be excited in the holes, which substantially alter the observed intensities or create new transmission peaks 19 . The phenomenon can be scaled to any frequency in the electromagnetic spectrum by creating hole arrays that have periodicity on the same order as the wavelength, as long as surface plasmon polaritons (SPP) exist or can be mimicked by so-called metamaterials 20 . Enhanced transmission through subwavelength holes has been demonstrated in a large spectral range extending from the visible to the microwave regions 1 . The plasmonic properties of Al enable us to extend this phenomenon into the UV region.
To obtain free-standing Al films perforated with nanoholes, a 110 nm thick polymethylmethacrylate (PMMA) film was spin-coated on a 75 nm thick free-standing Si 3 N 4 film. Hole arrays were obtained in the photoresist after exposure with four-beam EUV-IL followed by the development of the PMMA film. Then Al was shadow-evaporated on the sample with a tilt angle of about 50 degrees with respect to the normal while the substrate was rotated around the normal direction. This procedure coats the photoresist film with a uniform layer of metal. Remarkably, the holes remain open despite the considerable thickness of the metal film (90 nm in this example) with respect to the hole size, as seen in Fig.  4(a) . Finally, the Si 3 N 4 membrane and the PMMA were removed by RIE from the backside, resulting in a free-standing Al nano-mesh.
The transmission spectra were recorded using a commercial spectrometer in the wavelength range of 190-800 nm. The spectra at incidence angles of 0 to 60 degrees with 5° increments are shown in Fig. 4(b) . The maximum absolute transmission achieved at the resonant peak position is 38%. The normalized transmittance of the holes, namely the ratio of the transmitted light to the incident light on the holes, is as large as 130%. With increasing incidence angle, the peaks at about 260 nm and 350 nm remain stationary in position, whereas the other strong peak, which is at about 380 nm at normal incidence, shifts to longer wavelengths. This peak shows a Fano-type resonance, which is more evident at high incidence angles.
We start the analysis of the transmission data by plotting the dispersion behavior of the observed peaks in Fig. 5 , where large symbols indicate the strong peaks and small symbols stand for the weaker peaks. Solid lines denote the calculated dispersion curves of the SPPs on a flat Al-air interface based on published values of the optical constants of Al 5 . We attribute the major peak at 380 nm wavelength (at normal incidence) to a SPP resonance mode, since it shows a dispersion similar to the curve associated with the reciprocal lattice vector G (i=-1, j=0) . As the measured curve approaches k x = 0 it diverges from the predicted dispersion curve. This is an expected effect, since the periodically structured surface leads to a bandgap at the intersection points of the dispersion curves. The width of the bandgap depends on many factors, such as the shape, the effective area, and the depth of the holes 21 .
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Further, we attribute the two other major peaks (260 nm and 350 nm) to localized plasmon resonances 22 . The fact that their positions show no dependence on the angle of incidence, i.e. they are dispersionless, eliminates SPP modes as potential origins for these two peaks. The origin of the peak at 260 nm is more difficult to ascertain since at this wavelength the first-order diffraction channel is already open and the propagating modes exist. Since SPPs are polarization-dependent, they can be more clearly distinguished with polarized light. The inset in Fig. 4(b) shows the transmission down to 300 nm wavelength for s-and p-polarized light at the incidence angle of 45°. As expected, SPPs are not excited in s-polarization and only a broad LSP peak is observed. In contrast, both SPP and LSP peaks are observed in p-polarization. Although the peaks attributed to LSPs must be the same for both polarizations as a consequence of the symmetry of the structure, the LSP peak seems to be slightly modified due to the presence of the SPP resonance.
(a) (b) 
CONCLUSIONS
In summary, we have demonstrated that Al nanoparticles and hole arrays show strong and sharp plasmon resonances down to the deep-UV region. Enhanced transmission in the UV range through Al hole arrays is observed, which results from resonance excitation of the SPP modes and localized surface plasmons. We have shown that Al is a good plasmonic material and that its plasmonic properties are very similar to those of "standard" plasmonic materials such as Au and Ag. The major difference of Al is that its plasmonic resonances are at shorter wavelengths due to the optical properties of aluminum. This makes Al particularly interesting, because there is no other material available which can operate below the wavelength of 300 nm. Extending plasmonics into the UV region will open up new research areas and may enable new applications such as surface enhanced Raman spectroscopy 23 (SERS) in this spectral region. Localized plasmon sensors 3 , which sense the refractive index changes in the proximity of nanoparticles, can have a higher sensitivity in cases where the refractive index contrast of the analytes is higher in the UV wavelengths. Plasmon waveguides 1 should have a better lateral confinement by operating at short wavelengths. The exploitation of extraordinary optical transmission of Al hole arrays could be used in the development of efficient UV filters and beam splitters. Subwavelength photolithography using surface plasmons 24, 25 should achieve better resolution via deep-UV excitation. Another interesting application of plasmonic resonances of Al nanoparticles might be in energetic nanomaterials 26 . Optical characterization can be used to monitor fundamental processes such as oxidation and rupture of Al nanoparticles.
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